) is limited by the efficiency of transformation of E.coli. In principle, larger repertoires could be made by combinatorial infection, for example by transforming E. coli with a repertoire of heavy chains (encoded on plasmids) then infecting with a repertoire of light chains (encoded on phage) (9) . Since infection is extremely efficient, and most E.coli cells in an exponential culture can be infected, the combinatorial diversity of Fab fragments displayed on phage could be as large as the number of E.coli in culture (10 11 per litre). However the heavy and light chain genes would not be packaged together within the same phage particle, and so could not be simultaneously co-selected. Here we describe a model system, involving the lox-Cre site-specific recombination system of bacteriophage PI, to lock together the heavy and light chain genes from two different replicons within an infected bacterium.
The loxP site is 34 base pairs (bp) in length and consists of two 13 bp inverted repeats separated by an 8 bp spacer region (10); recombination is catalysed by the protein Cre (11) . We created two vectors: an 'acceptor' fd phage vector, fdDOG-21ox (A) and a 'donor' plasmid vector, pUC19-21ox (B) (see Figure  and legend) . A encodes the light chain of a first antibody (and the heavy chain from a second, different antibody): B encodes the heavy chain of the first antibody. In both vectors the VH genes are flanked by two loxP sites (see Figure) . To avoid deletion of the VH genes in the presence of Cre, one of the loxP sites is wild-type but the other contains a G to A point mutation within the 8 bp spacer region (termed loxP 511; Ref. 12). The wild-type loxP site and the mutant loxP 511 site do not recombine with each other in the same vector (12), but will, as shown below, recombine with sites of matching sequence in different vectors. When Cre recombinase is provided in vivo by infecting the E. coli with phage PICm cl.100 (13) , A and B can co-integrate by recombination between either mutant or wild-type loxP sites to create chimaeric plasmids C or D respectively. Further recombination can then occur between the two wild-type or the two mutant loxP sites, to generate the original vectors (A and B) or two new vectors (E and F). The heavy chains of A and B are therefore exchanged, and E now encodes the Fab fragment of the first antibody for display as a fusion to the N-terminus of the phage gene 3 protein (g3p).
In an experiment, the Vx and VH genes of the anti-phOx (2-phenyloxazol-5-one) hybridoma NQ 10.12.5 (14) were provided respectively in vectors A and B: vector A also encoded the VH gene of a different antibody, mAb32 (15)). Phage particles (A) therefore display Fab fragments but do not bind to phOx. However, after recombination, phage particles (E) should bind to phOx. An E. coli culture harbouring vector B was infected with phage particles of vector A, and Cre recombinase provided by co-infection with phage PICm cl.100. Phage particles produced by growth of bacteria containing the three replicons (A, B and PI) were used to infect E.coli and plated on tetracycline to select cells containing fdtet-DOGl derivatives: 96 colonies were screened by several techniques. 1) ELISA, to identify clones producing phage that bind to phOx-BSA (to identify vector E). 2) Replica plating, to find clones resistant to both ampicillin and tetracycline (to identify vectors C and D). 3) Colony hybridisation, with a radiolabelled oligonucleotide VHNQ10PR (5'-ATA AGC CCC GTA ATC TCT TGC) which binds specifically to CDR3 of NQ10.12.5 VH (to identify vectors C, D and E). 4) PCR, with oligonucleotides FDPCRBACK (5'-GCG ATG GTT GTT GTC ATT GTC GGC) and VHNQ10PR (to identify vectors C and E). 5) PCR, with oligonucleotides LMB3 (5'-CAG GAA ACA GCT ATG AC) and VHNQ10PR (to identify vector D).
Of the 96 tetracycline resistant clones, 23 were identified as vector A, 4 vector C, 1 vector D and 68 vector E. All 68 vector E clones produced phage which bound to phOx-BSA, but the remaining 28 clones did not (as expected). Thus, 71% of all tetracycline resistant clones corresponded to vector E, which encodes functional anti-phOx Fabs for display on phage. The recombination experiment was repeated several times with comparable results (data not shown). A 1:1 ratio of vector A:vector E might be expected. However, the observed ratio of 1:3 (vector A: vector E) can be explained by differences in the efficiencies of inter-and intramolecular recombinations at the wild-type loxP and mutant loxP 511 sites. The process appears . Note that the wild-type loxP sites are in frame to ensure that the heavy chains immediately upstream can be fused to gene in for display on phage. Protocol for recombination: E.coli containing the plasmid pUC19-21ox were grown, shaking at 37°C in 2 ml 2xTY medium (17) with lOOpg/ml ampicillin and 1% glucose to an O-D.^o^, of 0.4. 5 x 10 9 transforming units (tu) fdDOG-21ox phage were added (a ten-fold excess over bacteria) and incubatkm continued at 37°C without shaking for 30 min. 5 x 10 9 pfu phage PlCm cl. 100 (13) were added and incubation continued for a further 30 min. at 37°C. 40 ^1 of this culture were then added to 2 ml 2 XTY, 100 /xg/ml ampicillin, 12.5 /ig/ml tetracycline, 12.5 /ig/ml chloramphenicol, 1 % glucose. The culture was shaken for 40 hours at 30°C. About 10 10 tu phage fd particles (including recombinant phage) were harvested from the culture supernatant by centrifuging out bacteria at 13000 g for 5 min. and passing the supernatant through a 0.45 /un sterile filter (Minisart, Sartorius).
to be highly efficient, and should allow the creation of extremely large combinatorial repertoires, for example by providing a light chain repertoire in A and a heavy chain repertoire in B. It should also facilitate the affinity maturation of antibodies selected from the large libraries by 'chain-shuffling' (8) .
